when there is a high heat-producing basement, e.g. granites rich in radiogenic elements (Costain et al. 1980) . The Cooper Basin in Australia is an example of such "Hot Dry Rock" geothermal exploration where high heat producing (3.8-8.7 µW m −3 ) basement granites, and thick sedimentary rocks with low thermal conductivity act as a "thermal blanket", give rise to temperature anomalies in the range of 240 °C at 3.5 km depth (Beardsmore 2005; Hillis et al. 2004; Horspool et al. 2012 ). There has, however, been little previous study of whether there is potential for "Hot Dry Rock" geothermal resources in eastern Canada.
In Canada, the utilization of geothermal energy has increased significantly during the last decade, although it is mainly limited to low enthalpy systems (Raymond et al. 2015; Thompson 2010 ). Compared to other countries, such as the USA, Indonesia, Philippines, Mexico, and New Zealand, the development and application of geothermal power in Canada lags because of the lack of federal and provincial support (Thompson et al. 2015) . There is, however, great potential for developing geothermal power in western Canada, especially in British Columbia and SW Yukon (Grasby et al. 2012 ; Thompson et al. 2015) which are along the Pacific Ring of Fire. In contrast, the Canadian Shield of eastern Canada and the Appalachian orogen on its SE margin have an overall low heat flow of less than 60 mW m −2 (Drury et al. 1987; Fou 1969; Grasby et al. 2012; Jaupart et al. 1998; Majorowicz and Minea 2012; Mareschal et al. 2000; Misener et al. 1951; Pinet et al. 1991; Saull et al. 1962) , making the utilization of geothermal power from deep geothermal resources less attractive. Grasby et al. (2012) concluded that there is little potential for high-temperature geothermal resources in the province of Québec because of the generally low heat generation (0.7-0.8 µW m −3 ) and high thermal conductivity ( > 3 W m
) of the Precambrian basement rocks, resulting in low geothermal gradients. However, recent evaluations in parts of the St. Lawrence Lowlands have suggested differently, especially south of Montréal and Trois-Rivières, in the Gaspésie Peninsula, and on Anticosti Island (Majorowicz and Grasby 2010; Minea 2012, 2013; Majorowicz 2011, 2012; Perry et al. 2010; Raymond et al. 2012) . The local elevated temperatures at depth suggested in these studies are likely due to the presence of radiogenic crystalline gneissic basement. For example, in the N Appalachians ca. 230 km NE of Québec City, Gicquel et al. (2015) present a correlation between higher thermal maturation in Appalachian sedimentary rocks (calculated from vitrinite reflectance data,) where they overlie radiogenic migmatitic Grenvillian paragneisses interpreted from aeromagnetic data. Some basement granitoids or alkaline and carbonatite intrusions in the sedimentary cover (e.g., in Oka, Ford et al. 2001 ) may result in local, high radiogenic heat flow in St. Lawrence Lowlands, and N Appalachian orogen. Preliminary interpretations of aeromagnetic and gravity data suggest the possibility for lateral offset of Grenvillian basement rocks along ductile shear zones that parallel the St. Lawrence River (Gicquel et al. 2015) ; therefore, direct extrapolation of basement domains in the Grenville Province beneath the St. Lawrence Lowlands is not yet possible. Our research has focused on the general problem of whether radiogenic rocks in basement to the St. Lawrence Lowlands in the region south of Trois-Rivières (Fig. 1 ) may play a significant role in affecting the temperature distribution at depth and whether thermal modeling may help constrain the nature of basement in this area.
This area was selected, as it was the subject of prior research evaluating the potential for the CO 2 storage in the St. Lawrence Lowlands in which petrophysical parameters of the sedimentary rocks were measured and present-day stress field calculated (Bédard et al. 2013b; Konstantinovskaya et al. 2012; Malo et al. 2014) , and a 3D GOCAD model (Bédard et al. 2013a ) and a structural interpretation of 2D seismic line M2002 (Castonguay et al. 2010 ) that crosses the area are available. Although a broad overview of depth to basement and main faults has been documented by Thériault et al. (2005) , the detailed lithological composition of the Grenville Province basement underlying the Cambro-Ordovician platform sequence in this region is not well constrained.
A sensitivity study was undertaken using the Underworld2 geothermal modeling software (Mansour et al. 2018; Moresi et al. 2007; Quenette et al. 2015) on small scale 3D model, using the area S of Trois-Rivières as representing a geological setting typical of the St. Lawrence Lowlands to investigate the impacts of: (1) a homogeneous basement with properties representative of the different basement domains (each with different concentrations of uranium, thorium, and potassium and variable thermal conductivity) that may occur beneath the Saint Lawrence Lowlands; (2) intrusions within basement; (3) the thermal blanket effect of sedimentary cover; and (4) boundary conditions, especially the temperature at the bottom boundary of the model. 
Geological setting

St. Lawrence Lowlands
The St. Lawrence Lowlands in southern Québec is composed of Cambrian to Ordovician sedimentary rocks that overly a Mesoproterozoic Grenvillian metamorphic and intrusive basement (geology of basement domains is discussed in the next section). The St. Lawrence Lowlands basin developed during the intracratonic rifting of the Rodinia supercontinent related to the opening of the Iapetus ocean during the Neoproterozoic to Early Cambrian (Hersi et al. 2003; Tremblay et al. 2003) . During the Cambrian to early Ordovician, it evolved into an oceanic basin (Kumarapeli 1985) characterized by a syn-rift and passive continental margin succession (Lavoie et al. 2014) . During the Middle-to-Late Ordovician onset of Taconian thrusting in the initial stage of Appalachian orogenesis, it evolved into a foreland basin characterized by the deposition of carbonates, shales, and clastic sequences (Bernstein 1991; Lavoie et al. 2009 Lavoie et al. , 2014 Tremblay et al. 2003) . Deposition in the St. Lawrence Lowlands ended following the emplacement of large ophiolitic nappes onto Laurentia and the accretion of volcanic arcs and continental blocks induced by the closure of the Iapetus Ocean and convergence between Laurentia and Gondwana Taconian Orogeny (De Souza et al. 2014; Lavoie and Chi 2010; Rimando and Benn 2005; Rocher and Tremblay 2001) .
From bottom to top, the sedimentary sequence of the St. Lawrence Lowlands is: Potsdam (PO), Beekmantown (BK), Trenton-Black River-Chazy (Tr-BR-Ch), Utica and Sainte-Rosalie-Lorraine-Queenston (SR-LO-QT) groups which are mainly composed of sandstones, dolomites, limestone, shale, and siltstone, respectively (Clark 1972; Globensky 1987; Lavoie et al. 2009 ); see Figs. 2 and 3.
Densities and radiogenic element concentrations of rocks representative of the overlying sedimentary formations are listed in Table 1 . Utica shales have the highest concentrations of radiogenic elements, with uranium, thorium and potassium in the range of 2.59-3.41 ppm, 2.9-9.8 ppm, and 0.29-3.42%, respectively. Dolomites from the Beekmantown group also have high concentration of radiogenic elements. There is only one measurement for uranium and thorium in the uppermost cap rock (SR-LO-QT groups), which is relatively high but likely not representative. Thermal conductivities of the sedimentary rocks show that the sandstones of the Potsdam group have the highest values in the range 4.77-6.9 W m −1 K −1 , followed by the dolomites of the Beekmantown group in the range of 2.7-4.24 W m −1 K −1 while for other groups with an average value less than 3.0 W m
.
Grenvillian basement
The Grenville Province of western Québec is composed of high-grade metamorphic terranes accreted to the SE Laurentian margin (Davidson 1984; Dufréchou et al. 2014; Rivers 1997 Rivers , 2015 . Grenvillian rocks outcropping N of our study area comprise the generally N-S trending Portneuf-Mauricie and Parc des Laurentides domains on the E margin of the Mékinac-Taureau dome, along with an eastern extremity of the Morin terrane on the dome's southern and eastern margins Brouillette 1994, 1995; Nadeau et al. 2008; Sappin et al. 2009 ), as portrayed in Fig. 4 . , values of the minimum, maximum and mean are in parentheses; Perm = permeability). Basin evolution is modified after (Comeau et al. 2012) , combining data obtained from Bédard et al. (2016) , Globensky (1987) , Hersi et al. (2003) , Hofmann (1972) , Nasr (2016) , Pinti et al. (2011), Rocher and Tremblay (2001) gabbronorites, granite, quartz monzonite, quartz syenite, and pegmatite which contain high concentrations of K 2 O and Th (Corrigan 1995; Gautier 1993; Nadeau et al. 1992; Sappin 2012) . Montauban group rocks are interpreted as part of a 1.45 Ga arc-back-arc complex into which the La Bostonnais complex plutons were intruded between 1.40 and 1.37 Ga after deformation and metamorphism of the Montauban group (Nadeau and van Breemen 1994; Sappin 2012; Sappin et al. 2009 Sappin et al. , 2014 . Physical properties of Portneuf-Mauricie domain rocks are listed in Table 3 . There are limited thermal conductivity data in the literature; therefore, five additional measurements were performed using a KD2 Pro probe and lab thermal properties analyzer.
Morin Terrain (MT) and Mékinac Taureau domain
The Morin Terrane in our study area (the Shawinigan domain of Corrigan and van Breemen (1997) ) is characterized by Grenville Supergroup paragneisses and quartzite along with granitic and granodioritic gneiss and metavolcanics. 
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Amphibolite (12) .
Parc des Laurentides domain
The Parc des Laurentides domain (PDLD) is mainly composed of the quartz-monzonite, porphyritic granite, mangeritic-charnockitic-granitic and granodioritic orthogneiss (Hébert and Nadeau 1995; Paradis 2004; Sappin 2012) . Its western boundary separated from the Portneuf-Mauricie domain was obliterated by large granitic intrusions of the 1058 ± 1 Ma Rivière-à-Pierre suite (Hébert and Nadeau 1995) . The bulk density of the PDLD lies between 2575 and 2775 kg m −3 , with a mean density of 2680 kg m −3 (Paradis 2004 ). The radioelement data for rocks from the Rivière-à-Pierre suite are shown in Table 5 . Uranium, thorium, and potassium concentrations are , with an average value of 3.8 W m −1 K −1 (Jessop et al. 2005) .
Method
Model definition
In the absence of fluid flow, the heat equation with a radiogenic source term is (Jaupart and Mareschal 2011) where T is temperature (°C), t is time (s), k is thermal conductivity ( W m
) and A is heat production ( W m −3 ) calculated from the concentration of radiogenic elements. Symbol ∇· is the divergence operator and ∇T the temperature gradient. In the following, we assume a steady-state regime. The time-dependence term, therefore, vanishes, which yields Heat production is considered using the following empirical function (Rybach 1976 (Rybach , 1988 :
where C u is the uranium content (ppm), C Th is the thorium content (ppm), and C K is the potassium content (%). Thermal conductivity is also assumed to be temperature dependent. The correction of Sekiguchi (1984) was used to take into account this dependence. According to Lee and Deming (1998) , this correction is applicable to arbitrary rocks over the temperature range 0-300 • C . It is given by where T is the in situ temperature (K), k 0 is the thermal conductivity at laboratory temperature, T 0 is the laboratory temperature (K), k m and T m are calibration coefficients, respectively, equal to 1.8418 W m −1 K −1 and 1473 K. The geothermal module of the 3D geodynamic modeling package Underworld2 (Mansour et al. 2018; Moresi et al. 2007 ) was used to solve Eq. (2) numerically for temperature distribution. Underworld2 includes a finite-element solver for Eulerian meshes that embed a set of Lagrangian integration points or particles. These particles allow storing material properties and can be moved to follow the deformations of geological materials, through the use of a particle-in-cell method, to map the finite-element integrals in the system. When solving the steady-state heat equation with the Underworld2 module, a standard Gaussian quadrature module is used in place of the particle-in-cell method because there is no deformation.
The area of interest is represented by a simplified 30 km × 30 km × 10 km geological model representative of the sedimentary configuration of the St. Lawrence Lowlands south of Trois-Rivières (Fig. 1) . This model was set up based on available seismic and well-log data and comprises the Grenvillian basement and the overlying
Cambrian-Ordovician sedimentary sequence (see Fig. 5 ). To perform the sensitivity analysis, various structures are inserted in this model, as described below.
To perform the calculations, the model was discretized in 128 × 128 cells in the horizontal directions, and in 64 cells in the vertical direction. The bottom boundary condition was established based on geothermal gradient data in the area as well as bottom hole temperature and surface heat flow data available inside the area of the model. For the St. Lawrence Lowlands, Bédard et al. (2016) found that the geothermal gradient is in the range of 14-35
, with an average of 24.3 ± 4.9 • C km −1 (Fig. 6 ). Within the model limits, 9 bottom hole temperature data are available and 15 heat flow measurements are found (Bédard et al. 2016) . For each modeled scenarios described below, a series of modeling runs were done with heat flow imposed at the bottom boundary, with values ranging from 50 to 66 mW m −2 . The value that yielded a temperature distribution giving the best fit with the 24.3 • C gradient, the bottom hole temperature data and the surface heat flow data was selected. The fit is defined as the sum of the Relative Root Mean Square Error (rRMSE) of all three variables, with a lower weight (1/2) given to the rRMSE of the gradient because it was obtained with data outside the modeling domain. In all cases, the temperature at the top boundary is specified to be 10 °C and no-flow Neumann conditions are applied on the sides. Physical properties of the lithological units have been assigned based on the data presented in the geology section. Due to the size of the cells in the numerical mesh, the lithology of each formation must be simplified. Therefore, the main lithology of the Potsdam Group is sandstone, dolomite for the Beekmantown Group, limestone for the Trenton-Black River-Chazy Groups (or TR-BR-Ch), shale for the Utica Group, siltstone for the top three groups of SainteRosalie, Lorraine and Queenston (i.e. SR-LO-QT), respectively. For Precambrian basement, the influence of various rock types will be studied, as described next.
Modeled scenarios
In the study area, the basement is buried by a sedimentary cover varying in thickness between 0.5 and 6.5 km (see Fig. 3 ). As previously mentioned, a detailed interpretation of the basement structure is not possible due to scarcity of available data. Therefore, we begin with a simple homogeneous basement with thermal properties obtained from rocks outcropping in the Portneuf-Mauricie domain, which will be referred to as the base case in the simulation study. In the five scenarios presented in this paper, only differences in basement characteristics are considered. For four of the five scenarios, a homogeneous basement is considered, with input data summarized in Table 6 . Each scenario is described in more detail below.
Model 1: PM domain basement
From data listed in Table 3 , using Rybach's empirical function (Eq. 3), heat production in the basement is equal to 0.94 µW m at the bottom boundary gave the best fit to the data, with the sum of rRMSE equal to 36%.
Model 2: Morin Terrane basement
Based on data in Table 4 , the calculated heat production for the Morin Terrane is 1.42 µW m −3 . In this case, a bottom boundary condition of 52 mW m −2 was obtained (sum of rRMSE equal to 35%).
Model 3: Parc des Laurentides domain basement
An average heat production value of 0.91 µW m −3 is obtained using the empirical function of Rybach (1988) . In this model, the mean concentration of uranium, thorium, and potassium is, respectively, 1.18 ppm, 4.05 ppm and 3.55%. Heat flow at the bottom boundary is in this case 62 mW m −2 (sum of rRMSE equal to 39%).
Model 4: basement based on well data
The parameters of the fourth model are computed from measurements taken on 10 samples obtained from cores collected from wells in the modeled region (Table 2) for which the average bulk density is 2598 kg m −3 (Nasr 2016) . With the values given in Table 2 for this model, the heat production is 1.18 µW m −3 . For this model, 53 mW m −2 at the bottom boundary gave the best fit to the data (sum of rRMSE equal to 37%).
Models 5 and 6: intrusions in the basement
Two models are used to evaluate the influence of a relatively "hot" intrusion on temperature distribution. The shape of the intrusion is arbitrarily set to a vertical cylinder that crosses the basement in the center of the model. The top of the intrusion is set at 2.4 km, at the interface between the basement and the Potsdam sandstones. In the first model, the radius of the intrusion is 1 km and its volume is approximately 2.5 × 10 10 m 3 , whereas in the second case the radius is 2 km, for a volume of 9.5 × 10 10 m 3 . Physical properties of the model unit parameters are given in Table 7 . The radiogenic element concentrations for the host rock are assumed to be the same as in Model 1. For the intrusion, properties of granites of the Gagnon pluton (Fig. 4) are used. The bottom boundary condition is the same as for Model 1. 
Table 6 Physical properties of Grenvillian rocks in the PM domain (Model 1), Shawinigan domain (Model 2), PDLD (Model 3) and from well cores (Model 4); average values in parentheses
Basement ρ r ( kg m −3 ) C U (ppm) C Th (ppm) C K (%) A ( µW m −3 ) k ( W m −1 K −1 )
Results and discussion
Homogeneous basement Figure 7 shows the temperature at 5 km for the different homogeneous basement models. The first observable trend is the relative temperature in the Trois-Rivières vicinity (where basement rocks are predominent), which is colder for Models 1 and 3, and warmer for Models 2 and 4, this for lower heat production in Models 1 and 3 but for lower heat flow at the bottom for Models 2 and 4. Thus, not surprisingly, the effect of Table 7 Parameters used for the heterogeneous basement model heat production is counterbalanced by heat flow at the bottom boundary: models with high heat production have a better fit to the available data with lower heat flow at the bottom. On the other hand, Models 1 and 4 have the highest temperature, followed by Model 2 and Model 3. This might appear surprising, because basement rocks in Model 2 have the highest value of heat production and Model 3 the highest value of heat flow at the bottom boundary. However, Model 2 also has the second lowest thermal conductivity and Model 3 has the highest thermal conductivity (respectively, 3 and 3.8 W m
for Models 1 and 3 vs 2.7 and 2.5 W m −1 K −1 for Models 2 and 4). These observations thus show that the thermal conductivity of the basement rocks has a significant impact on temperature distribution, regardless of heat production. It is, therefore, equally important to accurately determine both parameters to correctly assess the geothermal potential of a given area.
The difference between Models 2-4 and Model 1 at 5 km depth is shown in Fig. 8 • C ) if all scenarios are considered. Such a difference is important in the context of electricity production, because it can imply drilling deeper than expected may be required to meet specific temperature requirements.
Effect of an intrusion in the basement
As shown in Figs. 9 and 10, the influence of a relatively hot intrusion is rather limited, both spatially and in terms of temperature increase. For the smaller intrusion, the temperature increase at 5 km depth is only 3 • C . Moreover, although the larger intrusion is four times bigger than the smaller, the temperature increase is only 6 • C . In Addition, 
Effect of bottom boundary condition
At this point in the study, we examine the choice of the bottom boundary condition. In addition to the basement parameters, the boundary condition obviously plays a significant role in affecting the temperature distribution at depth, but to what quantitative extent? Figure 11 shows the 120 • C and 150 • C isotherms as function of depth for Model 1 (thick lines) and the range of depths for all models (shaded areas). There is a significant difference in isotherm depth between the difference models, with up to a km in depth difference in the northern part. In a given geothermal project, a poor estimation of this boundary condition would likely have dramatic impact on drilling costs. Figure 12 shows a comparison between the simulated temperature for Model 1 under different bottom boundary conditions, with the measured temperature obtained from the drill stem tests in wells A126, A188, A197 and A222. This figure also indicates that the choice of the boundary condition value has a strong influence on the modeled temperatures at depth. This emphasizes the importance of having high quality data to calibrate the model.
"Thermal blanket" effect of the sedimentary rocks
Because sedimentary rocks usually have a relatively low thermal conductivity, they behave as a "thermal blanket", preserving the heat in the rocks at depth (Beardsmore 2005) . We examine this effect taking Models 1, 2 and 3 as examples. Figure 13 shows temperature profiles at three virtual wells located along profile AB, as illustrated in Figs. 5 and 11. Figure 13 shows that the temperature gradient in the sedimentary rocks is stronger than in the basement for Models 1 and 3, and especially for Model 3 in which the thermal conductivity of the basement is relatively higher. The opposite can be observed for Model 2, which has the lowest thermal conductivity but the highest heat production. Thus, the thermal blanket effect is strongly controlled by the contrast in thermal conductivity. The inflection point varies in depth depending on thickness of the sedimentary cover, with an advantage at well PW-3. However, although the difference in sedimentary cover thickness is almost 4000 m between PW-1 and PW-3, the difference in inflection point depth is about 1500 m, i.e., the so-called blanket effect is not as strong as might be expected at first. This can be attributed to the fact that the topography of the basement is irregular, with a large "step" not far from well PW-3 (see Fig. 11 , and that lateral effects influence the thermal response. Through this case study, it appears that the benefit of the insulating effect of the sedimentary cover can be significant, but that it strongly depends on the contrast in thermal conductivity between the basement and the cover, as well as on the structural context.
Surface heat flow
Surface heat flow values computed from borehole data in the study area are given by Bédard et al. (2016) . These data are compared with vertical heat flow computed from the results of the modeling with Underworld2. Figure 14 shows maps of surface heat flow for the six modeled scenarios, together with 18 data points from Bédard et al. (2016) . The general agreement is best for the model with a basement representative of the Parc des Laurentides domain (Model 3), followed by models corresponding to the PortneufMauricie domain (Models 1, 5, and 6). More specifically, the rRMSE between data points from Bédard et al. (2016) and modeled surface heat flow is 13% for Model 1, 15% for Model 2, 11% for Model 3, 17% for Model 4, 13% for Model 5 and 13% for Model 6. These results should, however, be considered carefully, as the average of the borehole data ( 76 mW m −2 ) is much higher than the interpolated value that can be seen in the map of Fig. 1 ( ≈ 55 mW m −2 ), and Model 3 also has the worst rRMSE fit with the bottom hole temperature and regional gradient.
Comparisons between Model 6 and Model 1 reveal that, although the top of the large intrusion is 2.4 km below the surface, it produces sufficient heat to alter the temperature gradient up to the surface, and thus affects the heat flow at the surface. It is interesting to note, however, that the heat flow is lower for Model 6, which is counterintuitive. It is found that the presence of the intrusion slightly decreases the temperature gradient in the sedimentary cover, and thus decreases the heat flow at the surface, as shown in Fig. 15 . Interpretation of temperature at depth from surface heat flow data is, therefore, a delicate matter. Bédard et al. (2016) flow data. Moreover, heat production values in the models are counterbalanced by heat flow at the bottom boundary. 5 The effect of hot intrusions in the basement is relatively modest and localized in terms of temperature increase. The presence of intrusions underneath the sedimentary cover may also decrease the heat flow at the surface, and caution should be taken when using surface heat flow as an exploration variable.
The sensitivity of model outcomes to small changes in input parameters shows that better constrained input parameters are required to establish with certainty the nature of basement to our study area. Computed and measured heat flow models for PortneufMauricie domain basement beneath our study area are, however, compatible with the results of preliminary geophysical interpretations that ca. 35 km dextral transcurrent displacement may have occurred on late Grenvillian ductile shear zones beneath the northern St. Lawrence platform (Gicquel, unpublished data; Gicquel et al. 2015) . Model results can, nevertheless, be applied to adjacent areas where the nature of basement domains is better defined. A limitation of the present study lies in the assumption that, except for the models with intrusions, the basement is homogeneous. The input parameters, e.g., concentration of radiogenic elements, thermal conductivity, and density, used in these simulation models are derived from measurements made on different types of rocks, both from the St. Lawrence Lowlands and the geological domains surrounding the city of Trois-Rivières, and exhibit a broad range of values. Besides this, some parameters are poorly constrained due to the limited number of available data. Therefore, the selected scenarios do not encapsulate the variability that is likely encountered in reality. For this reason, work is underway to generate models with stochastic distributions of physical properties that are representative of the spatial variability observed in the outcropping rocks for the different domains considered in the study. This will in turn allows establishing ranges of possible temperatures at depth for the different scenarios. 
